The research deals with biodegradation of films prepared from polyvinylpyrrolidone and polylactic acid (PVP/PLA). Biodegradation of PVP/PLA films was supported by the following additives: 1-methyl-2-pyrrolidone, 1-octyl-2-pyrrolidone, acrylamide and N-acetyl-L-phenylalanine according to the previous study. The films were prepared by a solvent casting technique. Biodegradation was observed using the respirometric method in different environments. The films subjected to biodegradation were analyzed by scanning electron microscopy and Fourier transform infrared spectroscopy. It was found that the films are substantially degraded, but not in the biological way; PVP was quickly removed in presence of water because of its easy solubility. In contrast, this fact could support biodegradation of PLA, which becomes more available for microorganisms when PVP leaves PLA matrix.
Introduction
Polyvinylpyrrolidone (PVP) was first synthesized in 1939 by Reppe. It is a white or yellow water-soluble linear polymer containing a pendant lactam ring usually occurring in the form of hygroscopic powder with significant physical and chemical properties. According to the molecular weight and viscosity several types of this polymer are distinguished [1] , therefore, the usage of PVP is so various. It could be found in households, where people are in contact with it almost daily in the form of detergents, cosmetics and pharmaceutical products. This compound is also an additive to polymer blends used for production of sticky tapes, paints and for manufacture of packaging materials. Actually, it has a very low toxicity, so it can be also used in food industry as a stabilizer or a thickening agent [2] .
There is apparently only one problem in this context -the resistance of PVP to biodegradation. Accumulation of this material could pose a potential threat for environment, because of its unclear behavior and fate in nature. Due to its physical and chemical properties it could increase the mobility of other pollutants.
Julinova et al. [3] suggested theoretical decomposition of PVP in the presence of specific types of microorganisms. This suggestion is divided in two steps. First, a lactam ring is broken under the influence of gamma-lactamases enzymes in the place of a heterocycle's amide bond to create secondary amine. In the next step, this product could be decomposed in the presence of amine oxidase enzymes into methylamine and propionic acid.
However, practical studies of PVP biodegradation, without any previous modifications of the sample, are almost in line with results indicating that PVP is largely resistant to biological degradation [3] [4] [5] [6] .
One of the options how to support biodegradation of PVP could be its decomposition in the presence of cosubstrates [5, 6] . The following substances were studied: 1-methyl-2-pyrrolidone (NMP) and 1-octyl-2-pyrrolidone (OP) -having similar structure as PVP, and acrylamide (AC) with N-acetyl-L-phenylalanine (APhA) -as substances during whose biological degradation the mentioned gamma lactamases are produced.
The process of PVP removal requires the knowledge of photo-Fenton reactions and photo-oxidative degradations. The biodegradation rate of thus modified PVP samples has not been overcome yet [7] [8] [9] [10] .
PVP is becoming a very popular component of various polymer blends with a huge potential of usage in many industries. It can be combined with substances such as starch [11] , carboxymethylcellulose [12] , polyvinylalcohol [10] , caprolactone [13, 14] , chitosan [15] , polyethyleneglycol [16] or polydimethylsiloxane [17] . The study by de Paula et al. deals with polymer films prepared from PVP and polylactic acid (PLA) [18] ; this material finds its application in medicine and in biotechnology. Results of this research point to considerable biodegradation of this polymer blend.
Another frequently used polymer is PLA, whose biodegradation is often mentioned with composting. Possible biodegradability of this material was first described in 1981 [19] and has been investigated in many studies, on the base of which it is considered a biodegradable polymer. Nonetheless, according to the studies of biodegradation of PLA in soil this substance is still more or less resistant. This type of environment most closely represents real conditions [20] [21] [22] [23] .
Although considerable research has been devoted to continuous improvement of properties of the polymer blends containing PVP, rather less attention has been paid to its actual biodegradation.
Thus, the aim of this paper is to study the biodegradability of PVP/PLA films based on de Paula's research [18] and the biodegradability of PVP/PLA system with addition of NMP, OP, AC and APhA [3] .
Materials and methods

Materials
The following materials were used for the preparation of polymer blends: polyvinylpyrrolidone (PVP; 10 kDa), 1-methyl-2-pyrrolidone (NMP), 1-octyl-2-pyrrolidone (OP), acrylamide (AC), N-acetyl-L-fenylalanine (APhA) were purchased from Sigma Aldrich at a purity of 98%. Chloroform was produced by Penta Company and polylactic acid (PLA) was obtained from PLA2003D polylactic acid was purchased from NatureWorks® Ingeo™ (USA).
Biological materials (inoculum)
The soil environment was simulated by clay soil and commercial garden compost which were purchased from Agro CS a.s. (Czech Republic). These types of soil were mixed in the ratio of 1:5. Thereafter, 100 cm 3 of liquid medium was applied to the mixture. Thus prepared mixed soil was left before the preparation of the main experiment for 7 days to acclimatize.
The water environment was simulated by aerobic or anaerobic activated sludge, obtained from waste-water treatment plant (Zlin-Malenovice, Czech Republic), suspended in the liquid medium. The broth corresponded to the medium from soil experiment for aerobic conditions. However, the broth for anaerobic conditions was prepared slightly differently: a 1 dm 3 volumetric flask was filled with 500 cm 3 of distilled water. ) solution was added [3] . At the end, the solution was stirred and the volumetric flask was filled up to the mark with distilled water.
Preparation of PVP/PLA blends
The foils were prepared from PVP/PLA polymer blend by the method of casting. First, 10% (v/v) solution of PLA in chloroform was prepared by stirring for 6 h until PLA was completely dissolved; 10% (v/v) solution of PVP was prepared very similarly. In the next step, both solutions were mixed together in the ratio of 50/50. This blend was stirred for 2 hours in order to properly homogenize. In the end, the final blend was poured into the mould -Petri dishes (d = 17.7 cm); a thickness of films was 203 µm. Pure PVP and PLA films were also moulded from 10% (v/v) solution in chloroform. The foils were left in the air to let solvent evaporate. Finally, they were dried in a dessicator until the constant weight [18] . In this way, films of PVP/PLA were prepared in the ratio of PVP to PLA: 0/100, 50/50, 100/0. Moreover, a series of films with additives was prepared: NMP, OP, AC, APhA in the range of 1% (v/v) of the original PVP/PLA (50/50) blend. All kinds of the films were submitted to further analysis.
Fourier transform infrared spectroscopy (FTIR)
The IR spectrum analysis of the films was performed in the form of KBr pellets by the FTIR. KBr pellets were prepared from the dried films (0.1% of the KBr amount), which were dissolved in chloroform and mixed with the appropriate amount of KBr. This measurement was conducted on a FTIR-Nicolet iS10 spectrophotometer (Thermo Scientific, USA) and to evaluate the data, Omnic software (4000-500 cm -1 ) was used.
Scanning electron microscopy (SEM)
The films were also observed by scanning electron microscopy. Previously, the samples of films were attached to the carbon tape for better conductivity (or covered with a gold layer). Then the surface of films could be studied by using the Vega II/LMU Tescan model and the images were taken at the magnification of 100× to 2 500×.
Measurement of weight loss
The weight loss of the films was measured on analytical balances Sartorius. The differences (∆w) were determined between the weight of the dried films before (w 0 ) and after (w 1 ) the biodegradation experiment -the samples were carefully cleaned and dried to the constant weight. The weight loss (%) was calculated by equation [2] :
Tests of biodegradability in soil and water (aerobic, anaerobic) environment
Measuring of the biological degradation was carried out on the laboratory respirometer BI-2000 (Bioscience, Inc., USA) according to standard ISO 17556:2012 [24] in the soil environment. For this experiment two types of samples were prepared. The first were blanks containing only 500 cm -3 of mixed soil (endogenous respiration). The second were samples including different kinds of foils. These respirometric flasks were filled as follows: first, 250 cm -3 of soil was applied and then 1 g of the film was added. At the end, another 250 cm -3 of soil was applied. Finally, the whole equipment was prepared for fluent registration of BOD. All tests were performed in triplicate. The biodegradation in percentage (D) was calculated from equation [3] :
where BOD spec is measured biological oxygen demand for samples corrected for biological oxygen demand for blanks and COD Cr is chemical oxygen demand.
The COD Cr for all films was experimentally investigated as follows: an appropriate amount of the films (measured on a Mettler MX-5 microbalance, Toledo International Inc., USA) was transferred to the test tubes filled up with 2 cm -3 of distilled water and digested for 2 hours at 150°C according to ISO 15705:2002 [25] by the Micro Digestion Method.
The sample biodegradation was also observed in an aqueous aerobic medium according to standard CSN EN ISO 9408 [26] in a closed respirometer Micro-Oxymax (Columbus Instruments, USA). The samples (10 mg) were placed into the reaction flasks, after that 45 cm -3 of biomedium and 5 cm -3 of the inoculum of aerobic activated sludge were pipetted. The actual concentration of biomass was set to 500 mg·dm -3 in this experiment. Thus prepared flasks were placed in the appropriate position of respirometer and sealed. The level of pH was maintained during the test within a 7.0 ± 0.5 interval. Samples of the suspension for determining the dissolved organic carbon, pH and dry matter of biomass were always withdrawn at the start and end of the test. Endogenous respiration was investigated concurrently. All tests were performed in triplicate. [27] . The microbial gas production in these bottles was periodically recorded on the gas chromatograph GC Agilent 7890 A and the detected signals were evaluated by Clarity software. This experiment was realized in 500 cm -3 flasks with 100 mg of PVP/PLA and PVP/PLA/(NMP, OP, AC, APhA) films or with standard. Finally, 100 cm -3 of anaerobic sludge inoculum was applied into the flasks. The experiment was set to support the mezophilic microbial cultures, which require the temperature around 38°C. All tests were performed in triplicate. The anaerobic biodegradation in percentage (D g ) was evaluated according to equation [27] :
where w C(CO 2 ) and w C(CH 4 ) are the productions [mg] of carbon in the form of carbon dioxide and methan in samples (S) and in blank (BL, endogenous production) during biodegradation of films which contained T C [%] of carbon. The total production [mg] of carbon is identified as w C .
Test of water solubility
The solubility of the films was analyzed in a supplementary test explaining the behavior of polymer films. First, the defined amount of distilled water was applied into Erlenmeyer's flasks, then the samples of films were added in them. These samples were dried and weighed on analytical balances before the main experiment. The dissolved amount of films was observed by taking samples in selected intervals. The samples were then analyzed on an automated carbon analyzer -Shimadzu TOC 5000 A. The test was running until equilibrium was reached. Water solubility in percentage (R) was evaluated to equation (5):
where c w is actual amount of carbon in water, c s is the total carbon contained in films.
Results and discussion
Biodegradation of the films obtained by the cast technique was tested in different environments. Figure 1 shows results from all types of performed biodegradation tests. As can be seen, degradation reaches only 1% for the pure PVP film and 4% for the pure PLA film in the soil environment. However, the PLA biodegradation is higher (around 19%) in the water environment under aerobic conditions. Thus, it can be assumed that a higher rate of hydrolysis of PLA occurs in this environment. Nonetheless, for technical reasons, the biodegradability of these pure polymer films was not tested in anaerobic conditions. The biodegradation rate of the PVP/PLA film was recorded as 4% in the soil environment. The results obtained from the test in water anaerobic conditions are quite similar in the terms of biodegradation experiments. Based on this information it cannot be specified whether PLA or PVP is mainly responsible for the measured degradation. To determine it, a series of more specific tests would have to be carried out.
A very interesting rate of biodegradation was found during the decomposition of films containing additives. The highest rate of biodegradation was measured for the PVP/PLA/NMP film and the lowest for PVP/PLA/AC. The biodegradation of polymer blends with additives except for NMP was not tested in the water environment under aerobic conditions.
The recorded percentage of biodegradation cannot be considered significant for conceivable degradation of contaminants present in PVP, which could have remained there from the process of its production. This pattern may be caused by the sorption of PVP to soil particles. We also cannot exclude possible formation of complexes with PVP and soil components or with microbial enzymes which could lead to the recorded inhibition. The possibility of the primary decomposition of PVP that could lead to the formation of metabolites inhibiting soil microorganisms cannot be omitted. It is obvious that the measured biodegradation of films containing additives corresponds with the biodegradation of the additive itself. The weight loss of films was also investigated before and after all biodegradation experiments by using the gravimetric method. Figure 2 presents the results of these tests. It was found that the decrease in every polymer blend film is about 45%. The weight loss of the films with additives is demonstrably higher than that of actual PVP/PLA. The content of easily soluble additive, except for OP, may be a major cause of a higher rate of the decrease. Probably, due to the difficult solubility of OP in water, a lower decline can be observed in its case. Figure 3 demonstrates that this fact corresponds with the results of the solubility measurement. As shown here, the solubility of the films was approximately the same. However, a few divergences are observed between the results from the weight loss and the water solubility test. It can be seen that the values differ by about 10%. This fact may be caused by the inhomogeneity of the particular films. Nevertheless, the trend of these tests is quite similar except for PVP/PLA/APhA film, whose loss is lower in the solubility test. The cause may be the inhomogeneity of the system again. The figure also shows very good water solubility of pure PVP film (100%) and insolubility of PLA (0%).
The value of about 45% weight loss of films practically confirmed that PVP was removed from the matrix PVP/PLA (50/50). Nonetheless, it was appropriate to analyze IR spectrum to prove this claim. Figure 4 shows some changes in the infrared (IR) spectrum of the PVP/PLA films. This spectrum was obtained by Fourier transform infrared spectroscopy and shows two different courses -before and after biodegradation. As can be seen, a several changes are registered in the IR-spectrum after the biodegradation experiments, particularly in the range of wavenumber specific for PVP. For instance, the peak observable for a -OH group in presence of PVP decreases at around 3500 cm -1 . Other declines are registered in the peaks corresponding to the C=O group from the lactam part of PVP at 1666 cm -1 and to a C-N bond at 1286 cm -1 . This decline was highly likely caused by dissolution of PVP from the test specimens. , respectively. However, no significant changes are observed for PLA after the experiments.
These results support the theory that PVP was removed during the biodegradation experiments. Nevertheless, the dips do not stem from the process of biodegradation. It is almost certain that PVP fraction was eluted into the experimental environment, due to its easy solubility. This fact also suggests a low production of CO 2 in respirometry tests.
We also subjected the films to SEM in order to better understand the properties of the films. The images of surface of the films contained additives taken by SEM are given in Figure 5 . The effect of additives on the structure is perspicuous, however, does not lead to improvement of biodegradation of this system. The surface of the film without additives gives us Figure 6a . As can be seen, there is a visible heterogeneity of PVP/PLA system (a sharp interface between the particles of PVP and the PLA matrix), probably caused by the immiscibility of these substances [28] . This heterogeneity of the films explains some small discrepancies among the results of the particular tests.
Referring to the publication of de Paula et al., who state a higher rate of PVP/PLA system biodegradation [18] , the biodegradation of only PLA is more probable. Apparently, pores remained (Figure 6b ) in the PLA matrix, after the removing of PVP portion, whereby the surface of PLA could become more accessible to microbial cultures. Removal of PVP was also visible with the naked eye, because the films lost transparency and their original yellow tinge, which is characteristic for materials prepared from PVP [29] . Figure 7 gives an optical view of films before and after biodegradation in soil environment. 
Conclusions
Our research dealt with biodegradation of polymer films prepared from PVP/PLA (50/50) by the method of casting. We also tested how to support their biodegradation by addition of cosubstrates (NMP, OP, AC, APhA).
A microbial decomposition was simulated in soil and in water (aerobic and anaerobic) environment. Overall, the results are not directly comparable, because of the distinctive features of each environment. We noticed a slow rate of decay; nonetheless, it primarily corresponded to biodegradation of additives. We would like to point out that this research concentrated mainly on biodegradation, it has not studied physical and chemical properties of these materials in detail.
According to the de Paula's study et al. [18] , where a higher rate of biodegradation of PVP/PLA system was noticed, the biodegradation of PLA would be more likely, because of more accessible surface after the removing of the PVP portion. Unfortunately, we are unable to determine from this data whether PVP or PLA was actually decomposed.
Further research in this area might show more complex results of biodegradation of other materials based on PVP.
